Silver nanoparticles, used mainly for their antibacterial properties, are among the most common manufactured nanomaterials. How they interact with aquatic organisms, especially how they cross biological membranes, remains uncertain. Free Ag + ions, released from these nanoparticles, are known to play an important role in their overall bioavailability. In this project, we have studied the uptake of dissolved and nanoparticulate silver by liposomes. These unilamellar vesicles, composed of phospholipids, have long been used as models for natural biological membranes, notably to study the potential uptake of solutes by passive diffusion through the phospholipid bilayer. The liposomes were synthesized using extrusion techniques and were exposed over time to dissolved silver under different conditions where Ag + , AgS 2 O 3 − , or AgCl 0 were the dominant species. Similar experiments were conducted with the complexes HgCl 2 0 and Cd(DDC) 2 0 , both of which are hydrophobic and known to diffuse passively through biological membranes. The uptake kinetics of Ag + , HgCl 2 0 , and Cd(DDC) 2 0 show no increase in internalized concentrations over time, unlike AgS 2 O 3 − and AgCl 0 , which appear to pass through the phospholipid bilayer. These results are in contradiction with our initial hypothesis that lipophilic Hg and Cd complexes would be able to cross the membrane, whereas silver would not. Encapsulated tritiated water inside the liposomes was shown to rapidly diffuse through the lipid bilayer, suggesting a high permeability. We hypothesize that monovalent anions or complexes as well as small neutral complexes with a strong dipole can diffuse through our model membrane. Finally, liposomes were exposed to 5-nm polyvinylpyrrolidone-coated silver nanoparticles over time. No significant uptake of nanoparticulate silver was observed. Neither disruption of the membrane nor invagination of nanoparticles into the liposomes was observed. This suggests that the main risk caused by AgNPs for nonendocytotic biological cells would be the elevation of the free silver concentration near the membrane surface due to adsorption of AgNPs and subsequent oxidation/dissolution.
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The free metal ion is normally the most chemically reactive form for many cationic trace metals in the environment, and it is recognized as the best predictor of their uptake and toxicity (Campbell 1995) . This relationship between the free metal ion activity and metal uptake reflects the dominant mode of transmembrane transport for cationic trace metals, namely facilitated transport involving membrane-bound transporters or channels (Campbell 1995) . However, one should take a close look at small and hydrophobic complexes of trace metals that are present in natural waters, because they may bypass the normal membrane transport systems and enter biological cells by simple passive diffusion across the lipid bilayer (Phinney and Bruland 1994) . Turner and Mawji (2004) reviewed the literature in this area and summarized the experimentally determined octanol-water partition coefficients (K ow ) for neutral Al, Cu, Mn, and Pb complexes (from 0.0003 for Al-citrate to 10,000 for Pbdiethyl-dithiocarbamate (Pb(DDC) 2 0 )). They compared the coefficients they determined for five natural waters with the literature and concluded that such hydrophobic complexes are present in natural surface waters.
The involvement of neutral complexes in transmembrane transport is somewhat controversial, notably for AgCl 0 . Reinfelder and Chang (1999) suggested that the AgCl 0 complex could pass through the cell membrane of the euryhaline marine microalga Thalassiosira weissflogii by passive diffusion. They experimentally determined the octanol-water partition coefficients (K ow ) at increasing chloride concentrations to estimate the contribution of each silver chloride complex and showed that AgCl 0 had the highest value (K ow = 0.09), suggesting that AgCl 0 could diffuse through the algae phospholipid bilayer more easily than other silver species. This K ow , however, is much lower than that of HgCl 2 0 (3.3, Mason et al. (1996) ) and of Cd(DDC) 2 0 (270 ± 28, Boullemant et al. (2009)) , the internalisation of which have been shown to occur via passive diffusion. In contrast, Fortin and Campbell (2000) studied silver uptake by the freshwater green alga Chlamydomonas reinhardtii and argued against the AgCl 0 passive diffusion hypothesis. For example, they found that silver uptake was only slightly affected when the total silver concentration was fixed and the relative importance of the AgCl 0 complex was varied by adjusting the chloride concentration.
Silver nanoparticles are being increasingly used and contribute to the overall mobility of silver in the environment. Blaser et al. (2008) and Gottschalk et al. (2009) estimated, using theoretical models based on projected use of silver nanoparticles, that nanosilver concentrations could reach 40-320 ng/L in European rivers and 0.09-0.43 ng/L in American surface waters. Although silver nanoparticles will likely dissolve or react with suspended particles (Blaser et al. 2008) , they could also come into contact with aquatic organisms. However, the assimilation mechanisms of nanoparticles are not well known yet (Treuel et al. 2013) . Additionally, their transformations and the speciation of the resulting species will directly affect their bioavailability and toxicity towards aquatic organisms (Levard et al. 2012 ). To our knowledge, there is only one report of intact nanoparticle assimilation by a unicellular organism (Miao et al. 2010) . In this paper, the authors suggested that silver nanoparticles were taken up by phagocytosis, but passive uptake of silver nanoparticles through cell membranes also could contribute to the overall internalization.
Phospholipid membranes and especially liposomes (as presented in Fig. 1a ) often have been used as abiotic models of biological membranes, especially for pharmacological research. Indeed, many of the properties of these vesicles, such as osmotic swelling and permeability to small solutes, are similar to those of natural membranes (Sessa and Weissmann 1968) . Rusciano et al. (2009) examined, for example, the interaction between nano-sized organic carbon particles and liposomes. Moghadam et al. (2012) used liposomes to study the influence of the concentration and coating of gold and titanium dioxide nanoparticles on membrane disruption. The goals of the present study were to determine if liposomes can be used as a model to study the passive diffusion of Ag(I) and the interactions between 5-nm PVP-coated AgNPs and the lipid bilayer. Large unilamellar vesicles made of egg phosphatidylcholine (PC) were prepared. PC is one of the main phospholipids in natural membranes, especially in aquatic invertebrates and algae. One of the objectives of this approach was to explore whether or not silver nanoparticles can cross the cell membrane of small unicellular organisms, such as algae. The PC gel-liquid crystalline transition temperature (− 2.5 °C) is low enough to allow us to work at ambient temperature (Koynova and Caffrey 1998) . The simplicity of the membrane composition was important so that only passive diffusion through the lipid bilayer could be considered. Similar experiments were performed with HgCl 2 0 and Cd(DDC) 2 0 , known to be sufficiently hydrophobic to pass through the biological membranes as mentioned previously, and tritiated water to evaluate the suitability or the potential limits of our model membrane. 
Materials and Methods

Buffer Preparation
All plasticware was soaked for 24 h in 10% HNO 3 (v/v), rinsed three times with deionized water and three times with ultrapure water (≥ 18 MΩ cm) before use. Phenol red and sodium thiosulfate pentahydrate were obtained from Fisher Scientific. The 2-(N-morpholino)-ethanesulfonic acid (MES) and 2-(N-morpholino-propanesulfonic acid (MOPS) were obtained from Sigma-Aldrich. Table 1 shows the composition of the different buffer solutions used in this study. The buffers were prepared by using stock solutions (0.1 M) of each of the components, which had been previously filtered through 0.2-µm polycarbonate filter membranes. The pH of the buffer solutions was adjusted using a 1-M NaOH solution and the ionic strength was fixed at 25 meq/L by addition of KNO 3 . The pH was chosen to be environmentally relevant, based on the average pH of freshwater (6.3-8.3, MDDELCC (2016) ) and internal cell medium (5.5-7.5, Carrozzino and Khaledi (2005) ). To maintain the concentration gradient between the exposure solution and the internal solution trapped in the liposomes, a strong ligand was added to the liposomes' inner solution. We chose thiosulfate, because it forms very stable hydrophilic complexes with silver (AgS 2 O 3 − , Ag(S 2 O 3 ) 2 3− : log K 1 = 8.82, log β 2 = 13.50 (Martell et al. 2004) ) and mercury (Hg(S 2 O 3 ) 2 2− , Hg(S 2 O 3 ) 3 4− : log K 1 = 29.27, log K 2 = 30.8 (Nyman and Salazar 1961) ). For cadmium, ethylenediaminetetraacetic acid (EDTA) was chosen as the internal ligand (Cd(EDTA) 2− , log K = 18.1 (Martell et al. 2004) ). The ionic strength and species distribution in each solution were calculated using MINEQL + chemical equilibrium software (v.5.0; Schecher and McAvoy 2015) . According to these calculations, silver and mercury were mostly (> 99%) bound to thiosulfate when placed in the internal buffer solution, for all tested conditions; similarly, cadmium speciation in the internal buffer solution was dominated by its complex with EDTA (> 99%).
Liposomes Synthesis
Egg yolk phosphatidylcholine (EPC) was provided by Avanti Polar Lipids. Internally threaded cryogenic vials (5 mL) were obtained from Fisher Scientific. Polycarbonate filters were provided by Millipore. Liposomes were prepared by the extrusion technique (Ducat et al. 2010) . Egg yolk phosphatidylcholine was initially dissolved in a mixture of organic solvents (9:1; chloroform:methanol), kept in the freezer at − 20 °C. The solvents were evaporated under a gentle nitrogen flow (1 h at 35 °C). The cryogenic vial was then placed in a desiccator under vacuum for 2 h to remove traces of solvent. The lipids were resuspended in the internal buffer solution by using a vortex mixer. Multilamellar vesicles (or MLVs) are spontaneously formed under these conditions (Berger et al. 2001) . Eight freeze-thaw cycles were then applied to break the phospholipid bilayers by the formation of ice crystals formed during the freezing step (Castile and Taylor 1999) and form large unilamellar vesicles. Briefly, the vial was placed in a liquid nitrogen bath for 1 min, then in a water bath at 45 °C for 5 min, and lastly shaken on a vortex mixer for 1 min. The vesicles were finally passed six times through an extruding system containing two stacked 200-nm polycarbonate filters (Fig. S1 in the supporting information (SI)) (Ducat et al. 2010) . Two syringes were used alternately, without changing the filter orientation, to force the liposomes through the filters, minimizing losses.
The mean diameter and size distribution of the liposomes were analyzed by dynamic light scattering (DLS) using a Malvern Zetasizer Nano-ZS instrument. Malvern folded capillary zeta cells were cleaned three times with ethanol and three times with ultrapure water before use for measurements. Six measures were taken at 25 °C for each preparation, each measure corresponding to six scans of 15 s each. 
Size-Exclusion Chromatography
The purpose of this step was to transfer the liposomes to the pH 7.4 exposure buffer solution and to verify the liposomes' membrane integrity. Indeed, if there were any leakage out of the liposomes, the phenol red dye, yellow in the pH 6.0 internal buffer solution, would reach the pH 7.4 outer solution and turn red. Sephadex G50 Fine resin was obtained from Fisher Scientific. The 2.5-× 50-cm Econo-Column Chromatography columns were purchased from Bio-Rad. The transfer was done by passing the liposomes through a Sephadex G50 resin-filled column, used for size-exclusion chromatography (SEC) and previously equilibrated with the pH 7.4 exposure buffer solution. The first colored fraction (yellow), containing the liposomes, was collected and analyzed on a Varian Cary 50 UV-spectrophotometer at 432 nm (Agilent Technologies). Just after the fraction collection and before using the large unilamellar vesicles (LUVs), the vials containing the liposomes were kept on ice to avoid potential membrane damage. The mean diameter and size distribution of the liposomes in the pH 7.4 exposure buffer solution were determined again as mentioned above.
Total Phosphorus Analysis
In order to quantify the amount of liposomes used, a relationship between the absorbance of a sample at 432 nm (phenol red absorbance-wavelength) and its total phosphorus concentration (g P/L) was determined. The total phosphorus concentration was determined by colorimetry. Briefly, a sample aliquot was diluted in a 0.2% sulfuric acid solution. After addition of 0.5 g of potassium persulfate, the solution was autoclaved for 45 min between 83 and 103 kPa. A solution of 7.5 g/L ammonium paramolybdate and 0.14 g/L potassium antimonyl tartrate in 8.8% H 2 SO 4 was stirred together with a solution of 25 g/L ascorbic acid. This mixture was added to the autoclaved solution to form a blue complex with phosphate. A standard solution of KH 2 PO 4 was used to establish a calibration curve and a control sample initially containing 3.54 mg P/L was used to verify the method accuracy. Absorbance measurements were made on a UV-spectrophotometer at 885 nm. The phosphorus calibration curve is given in Fig.  S2 (SI). The total number of phosphatidylcholine molecules per chromatographic fraction, N PC , could then be calculated as follows:
The total number of liposomes per chromatographic fraction is:
The total number of phosphatidylcholine molecules per liposome, N tot , depends on the liposome's diameter d (nm) (Enoch and Strittmatter 1979) :
Then,
Short-Term Accumulation Experiments
Liposomes Exposed to Dissolved Silver
This preliminary experiment was performed to quantify any contribution of the free silver ion, released from the nanoparticles, to silver uptake by the liposomes. This also was useful to quantify the potential contribution of free silver ions in the AgS 2 O 3 − and the AgCl 0 experiments (Table 2) . Radioactive 110m Ag (as AgNO 3 in 0.1 M HNO 3 , initial specific activity = 5.15 mCi/mL, total [Ag] = 5 mM) was supplied by the Radioisotope Centre Polatom. Short-term (100 min) experiments were performed at pH 7.40 ± 0.02 with an initial concentration of 30 nM 110m Ag in the exposure solution. Because radioactive silver produces radiation at 657.76 keV, every analysis was done between 580 and 1020 keV on a Wizard 2 automatic gamma counter (PerkinElmer), with a counting time of 300 s and a maximal counting number of 100,000 events.
Radioactive silver was diluted in a pH 7.4 buffer solution with or without a silver-binding ligand (thiosulfate or chloride), the pH was adjusted using a 1 M NaOH solution, and the ionic strength was fixed with KNO 3 to reach the same ionic strength as the internal buffer held within the liposomes (Tables 1, 2 ). The solutions were placed in three 125-mL HDPE vials. An aliquot of each solution was then taken and analyzed on the gamma counter to determine the initial silver exposure concentration. An aliquot of the liposomes suspension was then added to the exposure solutions and the vials were placed on a Wrist Action Shaker (Burrell) for 100 min. The liposome concentration
was selected so that the external silver concentration did not decrease more than 10% during the exposure period. The thiosulfate concentration in the inner solution (1.33 mM) was chosen to ensure that it was always greater than the internal silver concentration, so that a free Ag + concentration gradient was maintained between the exposure solution and the solution held within the liposomes.
In the time-course experiments, an aliquot from each vial was taken every 10 min and placed in a 15-mL vial containing Ambersep GT 74 resin (300 mg) (Sigma-Aldrich), a weakly acidic cation exchange resin with very high affinity for soft metal ions, such as mercury, silver, and cadmium. The vials were shaken for 5 min. After allowing the resin to settle, an aliquot of the supernatant was taken and analyzed on the gamma counter (see Fig. S3 in the Supporting Information for a detailed illustration of the experimental design of these uptake experiments).
Similar experiments were conducted with liposomes prepared with an internal buffer solution without thiosulfate (internal buffer solution (w/o trap) in Table 1 ), and the results were compared to the previous ones. Because only adsorption to the liposomes could occur in these experiments, it allowed us to differentiate between uptake (C, D, or E in Fig. 1c ) and adsorption (B in Fig. 1c ) by comparing the first two experiments; if the results are the same, only adsorption is occurring. On the other hand, if there is a difference, one could conclude that silver can pass through the liposome membrane.
Liposomes Exposed to HgCl 2 0
Similar experiments were conducted in a medium where HgCl 2 0 was the dominant species (exposure solution 4 in Table 2 ). Mercury was diluted in a pH 7.4 buffer solution with chloride as the mercury ligand. The liposomes were exposed as explained previously for silver. Ambersep GT 74 resin (500 mg) was then added to stop the exposure and bind nonadsorbed and noninternalized mercury. Mercury was analysed by inductively coupled plasma -mass spectrometry (ICP-MS, Model XSeries 2, Thermo Scientific) (Fig. S3) . Briefly, samples were diluted in 10% HCl and 3% H 2 O 2 . Gold also was added to a concentration of 10 ppm to prevent any adsorption of Hg on tube walls. Instrument response was calibrated within the expected range (0 to 28 nM) with standard solutions obtained from PlasmaCAL SCP Science. An internal standard solution of 103 Rh (58 nM) was used to correct analytical signal suppression (or enhancement) due to matrix effects or signal fluctuations. Custom ICP Standards (SCP Science) were used as controls to verify the precision and accuracy of the method.
The mean diameter and size distribution of the liposomes exposed to mercury for 100 min were analyzed once by dynamic light scattering (DLS) using a Malvern Zetasizer Nano-ZS instrument to verify there was no change after exposure.
Liposomes Exposed to Cd(DDC) 2 0
Radioactive Cd (as CdCl 2 in 0.5 M HCl, initial specific activity = 37.1 µCi/mL, total [Cd] = 1.0 µM) was supplied by Eckert & Ziegler). Experiments were conducted in a medium where Cd(DDC) 2 0 was the dominant species (exposure solution 5 in Table 2 ). Cadmium was diluted in a pH 7.4 buffer solution with sodium diethyl-dithiocarbamate (DDC) as the cadmium ligand. The liposomes were exposed as explained before. As radioactive cadmium produces radiation at 22 keV, each analysis was done between 16 and 32 keV on a Wizard 2 automatic gamma counter (PerkinElmer), with a counting time of 600 s and a maximal counting number of 10,000,000 events (Fig. S3) . 
Liposomes Exposed to Tritiated Water
The basic permeability of the phospholipid bilayer was determined by measuring the diffusion of tritiated water from the internal to the external buffer. Tritiated water (initial specific activity = 10 mCi/mL) was supplied by DuPont. The liposomes were prepared in a buffer containing tritiated water so as to encapsulate 3 H 2 O inside the vesicles. The liposomes were then transferred to the pH 7.4 exposure buffer solution using the Sephadex column as described above. Fractions from the column were collected every 10 or 20 mL and analysed on the liquid scintillation analyzer and UV-visible spectrophotometer to quantify 3 H and P respectively. Each analysis was done between 0 and 18.6 keV using Ecolite scintillation cocktail (MP Biomedicals) on a TriCarb 2910TR liquid scintillation analyzer (PerkinElmer), with a counting time of 1 min.
Liposomes Exposed to Silver Nanoparticles
A solution of 5-nm PVP-coated silver nanoparticles with an initial concentration of 9 mM (Nanocomposix, San Diego, CA) was used in these experiments. To compare the results for silver nanoparticles with those for dissolved silver, the concentration of free silver in the exposure solution 6 should be equal to that in the exposure solution 1 (Table 2) . Ultracentrifugation was used to determine the free silver content in AgNPs solutions of different concentrations, between 42 and 463 nM, prepared from the 9 mM solution. Silver nanoparticles were diluted in a solution at pH 7.4 as shown in Table 2 . Ultracentrifugation tubes (Amicon Ultra-15, Millipore), equipped with filters with a molecular weight cutoff (MWCO) of 3 kDa, were pre-rinsed with the external buffer solution to remove glycerin present on the membranes. Filters were then pre-equilibrated with the AgNPs solutions by successive centrifugations at 3700 × g for 20 min, as dissolved silver adsorbs on the membrane surface to a nonnegligible extent. After each centrifugation, total and ultrafiltered Ag concentrations were analyzed by ICP-MS (2% HNO 3 ). For example, the dissolved silver concentrations after one and two centrifugations were statistically different. For the targeted 4 µg/L solution, dissolved silver concentrations decreased from 1.8 to 1.4 µg/L due to adsorption on the membrane (Fig. S6) . The equilibrium was estimated to be achieved after five successive centrifugations. The selected AgNPs concentration was that for which the dissolved Ag concentration at equilibrium was about 20 nM. Ultracentrifugation also was used as presented above during the accumulation experiments to monitor the potential AgNPs oxidation/dissolution through time.
Exposure of the liposomes to silver nanoparticles was performed in a manner similar to that described for dissolved metals. Exposure solution 6 (Table 2) was prepared from the 9 mM AgNPs solution. The liposomes, synthesized in the internal buffer solution (containing thiosulfate), were exposed for 100 min. Every 10 min, a 5-min treatment with the Ambersep GT 74 resin (500 mg) was applied to liposomes exposed to nanoparticles. Analyses were performed by ICP-MS as explained above.
Replication and Statistics
Every experiment was conducted at least twice (n ≥ 2). Data were analysed for normality using the Shapiro-Wilk test and for homogeneity of variance across treatments using Levene's test. Student's t tests were run to compare distributions with a size n = 2. One-way ANOVA was applied to compare distributions with size n > 2. The effect of exposure time on the accumulation of metals was evaluated using linear regressions. Nonlinear regression (exponential rise to maximum (Boullemant et al. 2009 ) was used when it best fitted the data. Statistical analyses were conducted at the α = 0.05 confidence level and graphs were created using SigmaPlot 12.5.
Results
Liposomes: Mean Diameter and Size Distribution
The Malvern Zetasizer Nano-ZS, used to determine the mean diameter and size distribution of the liposomes, is an instrument based on dynamic light scattering (DLS). The size distribution most frequently found in the literature is an intensity distribution (Z-average) calculated from the instrument signal intensity. However, this distribution is highly affected by the presence of big particles and is reliable only for monomodal samples with a polydispersity index (PDI) < 0.1. It can be converted to a volume distribution (volume mean), which takes the particles' volume into account (Malvern 2004) .
The mean diameter and size distribution of the liposomes were determined immediately after their synthesis, after their transfer to the pH 7.4 exposure solution, and once at the end of their exposure to mercury (Table 3) . The intensity and volume distributions were significantly different after synthesis (p < 0.05); because the polydispersity index was higher than 0.1, the volume mean was chosen as the reference value. The volume distributions after synthesis and after transfer to the pH 7.4 buffer solution also were significantly different (p < 0.05). The size of the liposomes tended to decrease after their transfer to the pH 7.4 buffer solution, from 173.0 ± 2.0 to 152.0 ± 6.0 nm in diameter. The reason for this decrease is unclear, given that the calculated ionic strengths of the inner and outer solutions were similar at both pH values.
Transfer to the pH 7.4 Buffer Solution
The liposomes (yellow fraction) eluted after 70 mL (Fig. 2) . The second fraction, in red, eluted much later than the liposomes (elution volume = 265 mL). The background noise in absorbance at 432 nm was relatively low (around 0.06), and the results were reproducible; the elution volume of the LUVs fraction (maximum absorbance between 70 and 75 mL) as well as the difference in elution volume between fractions (around 150 mL) were similar for the three replicates.
Short-term accumulation experiments
Liposomes Exposed to Dissolved Metals
The accumulation of Ag + by liposomes (Fig. 3a) had reached a plateau from the experiment start (10 min A significant coefficient of determination (R 2 = 0.98, p < 0.0001, n = 10) was obtained, indicating a strong effect of time on the accumulation of silver complexed with thiosulfate (Fig. 3c) . A similar result was obtained for AgCl (Fig. 3e) (R 2 = 0.90, p < 0.0001, n = 10). No statistically significant accumulation was observed for the experiment without thiosulfate in the internal buffer solution (Fig. 3d) . In the absence of a trap in the internal buffer solution, silver can adsorb to the surface of the liposomes but does not accumulate inside.
Liposomes Exposed to Tritiated Water
Another experiment designed to test the liposomes' permeability was performed with tritiated water. It was encapsulated inside the liposomes and passed through the steric exclusion chromatography column. Figure 4 presents the radiometric results associated with the collected fractions. The liposomes emerged after around 70 mL, as shown previously and a radioactivity of only 6 cpm/mL, linked to the tritiated water concentration, was detected in the liposomes' main fraction (70-80 mL).
Liposomes Exposed to Silver Nanoparticles
We compared the ultrafiltered Ag concentrations (from 9 to 40 nM) after five successive centrifugations of AgNPs solutions at different concentrations. We were then able to conclude that the solution at 42 nM Ag total was closest to the experimental conditions with dissolved silver (20 nM Ag dissolved , Fig. S6, SI) .
The oxidation of AgNPs as a function of time is presented in Fig. 5 . At time 0, only ~ 40% of silver was in dissolved form. After approximately 20 min, a decrease in total Ag concentration was observed in the solution (approximately 60%), presumably due to Ag adsorption. Silver was then present mostly as dissolved (93%) and showed little variation over time, although a small statistically significant increase was observed (one-way ANOVA, p < 0.05).
The liposome exposure to nanosilver was repeated three times under the same experimental conditions. The results are grouped in Fig. 6 . No statistically significant increase (based on linear or nonlinear regression analyses) was observed. Note that in the case where the raw data (and not (MOPS acid buffer 7.5 mM; NaOH 5.6 mM; AgNPs-PVP 72.5 nM; KNO 3 19.8 mM) and in the presence of liposomes. Mean ± standard deviation (n = 3). A small, statistically significant increase was observed for dissolved silver (one-way ANOVA, p < 0.05) the averages) were collected on the same graph, the increase was slightly significant (p = 0.0224; Fig. S7 , SI).
Discussion
The biotic ligand model (BLM) is used to predict the bioavailability (and potential toxicity) of metals in the aquatic environment towards aquatic organisms (Campbell et al. 2002) . The BLM predicts that, once a metal encounters the surface of a living cell, it may bind to surface sites before being transported across the membrane. Typically, adsorption occurs very rapidly whereas metal accumulation increases slowly over time (Campbell et al. 2002) . In the context of our study, if only metal adsorption on liposomes occurs, equilibrium should be reached rapidly. This is the case for Ag + (Fig. 3a) , which leads us to conclude that ionic silver did not diffuse passively through the membrane of the liposomes but was only adsorbed at their surface.
Our results also suggest that HgCl 2 0 (Fig. 3b) and Cd(DDC) 2 0 ( Fig. 3f) were simply adsorbed on the membrane of the liposomes, contrary to expectations. As mentioned in the Introduction, these two species are believed to be sufficiently hydrophobic (K ow = 3.3, Mason et al. (1996) and 270 ± 28 at pH 7, Boullemant et al. (2009), respectively) to pass through the lipid membrane. Indeed, Mason et al. (1996) demonstrated that the coastal diatom Thalassiosira weissflogii took up HgCl 2 0 by passive diffusion. Moreover, Bienvenue et al. (1984) and Gutknecht (1981) studied the permeability of planar lipid bilayer membranes (PLMs), exposed to the dichloromercury complex and demonstrated that it could cross the PLM by passive diffusion. Finally, Boullemant et al. (2009) as well as Phinney and Bruland (1994) observed passive diffusion of Cd(DDC) 2 0 through the cell membrane of three freshwater algae and a coastal diatom, respectively.
Based on the solubility-diffusion model, the membrane should be permeant to water and small neutral solutes (Finkelstein and Cass 1968) , such as glycerol and urea (Paula et al. 1996) , HgCl 2 0 or Cd(DDC) 2 0 (Finkelstein and Cass 1968) . It is thus surprising that our model membrane does not allow these species to pass. Several factors could have influenced these results. For example, these species have relatively high molecular weights (272 g/mol for HgCl 2 0 and 408 g/mol for Cd(DDC) 2 0 ). Cohen and Bangham (1972) showed that the diffusion of non-electrolytes (estimated as the ratio of the measured permeability values to the oil/water partition coefficient) into liposomes tended to decrease when the molecular weight increased. Note also that the water permeability values for planar lipid membranes (PLMs) are on average one order of magnitude higher than those for LUVs, suggesting that LUVs may be less permeable than PLMs (Deamer and Bramhall 1986) . For example, the water permeability coefficient for egg PC liposomes is 2.0 µm/s (Carruthers and Melchior 1983) against 40.2 µm/s for egg PC planar lipid bilayers (Finkelstein and Cass 1967) . Furthermore, Shimanouchi et al. (2011) noticed that the hydration of the lipid bilayer depends on its curvature. In addition, metal interactions with membranes have been shown to cause dehydration of liposomes, but only at mM concentrations (Kerek and Prenner 2016; Klasczyk et al. 2010; Maity et al. 2016) . The degree of curvature, regulating the phospholipid headgroup mobility, varies as a function of liposome diameter and could be one of the determining factors influencing membrane permeability.
On the other hand, AgS 2 O 3 − and AgCl 0 were shown to be slowly internalised by liposomes, with an apparent steady-state reached after 60 min of exposure (Figs. 3c, e) . Nonlinear regressions using (Eq 4) allowed us to extract uptake constants k i of 52. Fortin and Campbell (2001) suggested that AgS 2 O 3 − could be transported into algal cells via sulfate/thiosulfate transport systems, but to our knowledge the uptake of this complex has never been tested previously on artificial membranes. Some publications on lipid bilayers (Deamer and Bramhall 1986; Haydon and Hladky 1972; Sessa and Weissmann 1968) suggest that the permeability of anions is significantly greater than that of cations (ex: 10 3 times higher for Cl − than for Na + or K + (Deamer and Bramhall 1986) ). This could explain our results: the anionic complex AgS 2 O 3 − would pass through the membrane by passive diffusion, unlike the cation Ag + . Note that this mechanism involves an exchange of anions between the inside of the liposomes and the external medium to respect solution electroneutrality. It also may be the case for AgCl 2 − , present in nonnegligible proportions in the exposure solution 3 (14.5%; Table 2 ). With regards to the small AgCl 0 complex, the residual charges are important (with large dipoles), making it a very polar solute. We hypothesize that this complex can diffuse in a manner similar to anions or water molecules.
To determine whether water molecules can diffuse through the lipid bilayer of our liposomes, we compared the initial and final 3 H activities after separation of the tritiated LUVs from the tritium solution. The initial 3 H activity was calculated as follows. The initial concentrated solution of tritiated water had an activity of 10,000 µCi/mL. During the liposome synthesis, this solution was diluted 45 times, leading to an activity of 222 µCi/mL or 8,222,000 Bq/mL. The internal volume of a 150-nm liposome is approximately 1.4•10 −15 mL, and the number of liposomes per mL was 3.8•10
12 LUVs/mL (as determined by absorbance; see Supporting Information). Thus, the initial 3 H activity in the liposomes was estimated to be 5.5•10 4 Bq/mL of solution. Experimentally, only 0.25 Bq/mL was detected in the main liposomes fraction. The proportion of tritiated water recovered in the liposomes is thus equal to 0.00005% of the initial activity. The tritiated water, initially used for liposomes synthesis, eluted after approximately 220 mL. Thus, the liposomes elution time (approximately 1 h, based on the elution speed) was sufficient for the encapsulated tritiated water to leave the LUVs, indicating that the liposomes are very permeable to water, as first demonstrated by Bangham et al. (1965) . The water permeability of lipid membranes is crucial, because it allows biological membranes to regulate their internal volume. The membranes exhibit a wide range of water permeability coefficients, depending on membrane lipid composition and structure, chain length and unsaturation, and cholesterol concentration (Deamer and Bramhall 1986) . The water permeability of lipid bilayers also is higher for lipids in a liquid crystalline state (T > T transition ) than lipids in a gel state, which is the case in this study (T > − 2.5 °C) (Huster et al. 1997) .
When AgNPs are suspended in our exposure solutions, changes were observed (Fig. 5) . The observed trend could be due to the oxidation of AgNPs, increasing the proportion of dissolved Ag and the subsequent adsorption of Ag on the container walls. Liposomes exposed to a low concentration of silver nanoparticles showed no significant increase in Ag accumulation (Fig. 6) . This is consistent with the fact that no studies have shown that silver nanoparticles can pass through the phospholipid membrane by passive diffusion. Le Bihan et al. (2009) studied the invagination of silica nanoparticles by liposomes. They indicated that this process was very rapid and that it would have been difficult to analyze it without using a method to slow it down. Thus, they covered silica nanoparticles with gold nanoparticles (positively charged, 10 nm), which made it possible to slow down the liposomes spreading on the silica surface. They were then able to observe the intermediate steps of the engulfment process by cryo-TEM. If an invagination of AgNPs-PVPs by liposomes had occurred, its observation would not have been possible under our experimental conditions. It might have been possible to apply a treatment similar to that set up by Le Bihan et al. (2009) to slow down the process and to observe or not this invagination, within the 20-30 min where silver nanoparticles are still present and relatively intact in solution (Fig. 5) . However, based on Le Bihan et al. (2009) , our AgNPs with a size ≤ 5 nm would not possess sufficient adhesion strength to cause invagination and could only adsorb to the surface of the liposomes. Moreover, considering the small amounts of silver found associated with the liposomes (on average 38.3 μmol Ag/g P, corrected for the residual amount of Ag), we can hypothesize that the invagination of silver nanoparticles is unlikely and that AgNPs only adsorbed to the surface of the liposomes (as shown by Wang et al. 2016 ).
Conclusions
The objective of this study was to test if nanoparticulate silver could cross a lipid bilayer. To do this, we used 150-nm liposomes made of phosphatidylcholine. Because nanoparticulate silver always release dissolved ions, we first had to characterize the passive diffusion of dissolved species of Ag(I). This was done by performing short-term experiments under different conditions where Ag + , AgS 2 O 3 − , or AgCl 0 were the dominant species. The permeability of liposomes also was tested with HgCl 2 0 , Cd(DDC) 2 0 , and 3 H 2 O. Our liposomes proved to be impermeable to ionic and nanoparticulate silver. Considering that we used nanoparticles among the smallest available on the market with the most neutral coating that would favor its passive diffusion across a lipid bilayer, our results suggest that nanoparticles cannot diffuse through a bilipid membrane.
On the other hand, it appeared that our artificial lipid bilayer could be more permeable to anions, such as AgS 2 O 3 − , than to cations. However, this is not an inherent property of biological membranes of living organisms. Although liposomes often have been used to study the interaction between contaminants and biological membranes, there remains a large gap between LUVs and living cells. Indeed, the hydrophobic complexes HgCl 2 0 and Cd(DDC) 2 0 did not pass through the phospholipid bilayer of our liposomes, contrary to what has been previously demonstrated for biological membranes. Therefore, an extrapolation of the liposomes results to toxicological studies must be made with caution.
